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Nit100-300: Accumulated NO3-N in 100–300 cm soil layer; 
Nit0-300: Accumulated NO3-N in 0–300 cm soil layer;
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[bookmark: _Hlk69926360][bookmark: _Hlk96543147][bookmark: OLE_LINK24][bookmark: OLE_LINK19][bookmark: OLE_LINK16][bookmark: OLE_LINK8][bookmark: _Hlk78464749][bookmark: _Hlk84967648][bookmark: _Hlk96543380][bookmark: _Hlk78465007][bookmark: _Hlk96543515][bookmark: _Hlk78438684][bookmark: _Hlk78465034][bookmark: _Hlk84967520][bookmark: _Hlk84954283][bookmark: _Hlk84968858][bookmark: _Hlk96543801][bookmark: OLE_LINK25][bookmark: _Hlk84954536][bookmark: _Hlk84967701][bookmark: _Hlk96543294]Abstract: The appropriate combined nitrogen (N) and phosphorus (P) fertilization strategy is essential for obtaining sustained higher grain yields while maintaining soil fertility. Here, a long-term split-plot design farmland experiment (initiated in 2009) with five N fertilizer rates combined with four P fertilizer rates was established during 2016–2019 to determine an appropriate nitrate-N (NO3-N) threshold in an intensive managed wheat-maize double cropping system, and then propose the fertilization strategy based on NO3-N threshold to balances crop yield and soil nitrogen supply capacity. The results showed that N fertilizer increased accumulated NO3-N, while the combined application of phosphate fertilizer at each N rate reduced the accumulated NO3-N to different degrees. With the increasing of planting seasons, the residual soil NO3-N reached a steady-state balance of soil N pool when N application rate was 150–225 kg ha−1 combined P application rate was 60–120 kg ha−1under long term combined N and P application. The residual NO3-N threshold in the root zone was determined as about 100 kg ha−1 at crop harvest to maintain the N supply capacity and prevent it leaching into deep soil. The fertilization guidelines are 154 kg of N and 106 kg of P fertilizer in the winter wheat season, and 162 kg of N and 122 kg of P fertilizer in the summer maize growing season based on the nitrate-N safety threshold. The optimized fertilizer strategy reduced the fertilizer application rate by 67 kg N ha−1 per year and reduced the residual NO3-N by 34.2% in the deep soil while only reducing the average yield by 3.1% across the crops and years. This study can serve as basis for sustainable solutions for balances grain yields and soil nitrogen supply capacity as well as preventing nitrate pollution in farmland.
[bookmark: OLE_LINK18][bookmark: _Hlk83198926]Keywords：Nitrogen; Nitrate-N threshold; Phosphate; Residual nitrate
1 Introduction
[bookmark: _Hlk69723181][bookmark: _Hlk58512741]The application of chemical nitrogen and phosphate fertilizers in agroecosystems has contributed significantly to the increment of grain yield, thereby alleviating the global hunger (Alexander et al., 2015; Chen et al., 2018). However, the excessive application of N and P fertilizer and unreasonable input ratios in farmlan not only wastes the chemical fertilizer resources but also cause various environment problems, such as atmospheric pollution, the eutrophication of ecosystems, and land degradation (Hao et al., 2020; Prăvălie, 2021). The residual NO3-N due to fertilizer application can increase the nitrate concentration in groundwater and also have significant negative effects on the soil nutrient balance, and thus it threatens safe and sustainable crop production (Zeng et al., 2017; Hao et al., 2020; Prăvălie, 2021; Kimmel et al., 2020). Hence, optimizing the fertilizer management strategy to balance crop yield and sustained soil fertility are essential for ensuring food security. 
[bookmark: _Hlk78442631][bookmark: _Hlk74601226][bookmark: _Hlk96542394]Under the dual pressures of food security and environmental protection, crop and net income are more concerned by farms than the soil ecological environment. Usually, the optimal recommended fertilizer application rates are identified by the amount of N or P fertilization to either maximize the yield or the economical optimal output for ensuring food security and increasing incomes (Rurangwa et al., 2018; Maresma et al., 2019; Wang et al., 2020; Plaza-Bonilla et al., 2021). However, a growing number of studies have shown that intensive fertilization and utilization for pursuing high crop yield increases the risk of farmland land degradation (Hao et al., 2020; Prăvălie, 2021). In order to control the environmental risks caused by improper fertilization, NO3-N has become a key reference indicator for determining the optimal N amount (Zhou et al., 2016; Azad et al., 2020; Chen et al., 2020). It recommends that decreasing the fertilizer application rate to reduce N leaching losses from agriculture to the aquatic environment (Zhang et al., 2015; Li et al., 2020). But focusing excessively on reducing fertilization while relaxing the goals regarding soil fertility may affect the sustainable production of crops (Ju and Christie, 2011). 
[bookmark: _Hlk96542886][bookmark: OLE_LINK15][bookmark: _Hlk80090847][bookmark: _Hlk78470056][bookmark: _Hlk80020755][bookmark: _Hlk80091052][bookmark: _Hlk96542994][bookmark: OLE_LINK22]The fertilizer recommendation based on the maximum residual NO3-N in 0–100 cm soil layer (Nit0-100, kg N ha−1) considered the nitrogen retention and the supply capacity of soil to regulate the effects of the nitrogen fertilizer on soil, nitrogen absorption by crops, and maintain soil fertility to achieve consistently high production targets (Ju and Christie, 2011; Wang et al., 2015). Previous studies have shown that the Nit0-100 at crop harvest could be maintained at about 80–180 kg ha−1 to stabilize the N supply capacity of soil in the intensive managed WMDS (Cui et al., 2010; Ju and Christie, 2011; Cui et al., 2013). In the Loess Plateau dryland farming area of China, it has been proved that excessive NO3-N residual could be controlled by setting the Nit0-100 threshold at 50–55 kg ha−1 at wheat harvest (Huang et al., 2017a; Shi et al.2021). However, due to the affecting effects of precipitation, the soil texture, and rotation patterns, the existing nitrate-N safety thresholds with a vary over a large range of values, especially in dryland winter wheat–summer maize cropping (WMDS). Therefore, it is necessary to determine an appropriate Nit0-100 threshold in the WMDS, and thus obtain the appropriate N and P fertilizer application rates based on it to balances the crop yield and maintain the sustained soil N supply capacity, and prevent nitrate-N leaching into deep soil.
Clarifying the relationship between NO3-N residue and fertilization is the basis of obtaining the appropriate fertilizer management strategy (Zhao et al., 2014; Dai et al., 2016). The residual NO3-N increased quadratically as the suplied nitrogen fertilizer increased (Zhao et al., 2014; Huang et al., 2017b), and it increased sharply when it exceeded the crop nitrogen requirement (Ju and Christie, 2011; Shi et al., 2021). The quantitative application of N combined with different P fertilizer rates can reduce the soil NO3-N residue (Dai et al., 2016; Zhang et al., 2019). In particular, it was shown that combined NP treatment reduced the accumulated NO3-N in the 0–300 cm soil layer (Nit0-300, kg ha−1) by 76% compared with N fertilizer alone (Guo et al., 2010). The above studies showed that the residual NO3-N is affected by nitrogen fertilizer, phosphate fertilizer, and their interactive effects. However, previous studies mainly focused on the quantitative application of P fertilizer combined with different N rates, the quantitative application of N fertilizer combined with different amounts of P fertilizer, or the combined application of different types of fertilizer, such as NPK, NP, NK, and manure + NPK. Thus, quantitative assessments have not been conducted to determine the effects on the accumulation of NO3-N of different combined N and P treatments, thereby hindering the formulation of accurate recommendations for the amounts of N and P fertilizer to apply.
[bookmark: OLE_LINK20]In the present study, we set a long-term in-situ farmland experiment based on the rainfed WDMS under different combined N and P rates, where we analyzed the soil water storage and Nit0-300 at the crop harvest, as well as the crop yield and N uptake during 2016–2019. The objectives were: (1) to identify an appropriate Nit0-100 threshold according to the accumulated NO3-N in the Nit0-300 under the long-term application of different combinations of N and P fertilizer; and (2) to put forward N and P fertilization strategy based on the NO3-N residue threshold in order to maintain the nitrogen supply capacity of the soil and prevent NO3-N leaching into deep soil, while also maximizing the crop yields in the rainfed WMDS.
[bookmark: _Toc22922852][bookmark: OLE_LINK4][bookmark: OLE_LINK28]2 Materials and methods
[bookmark: _Toc415296830][bookmark: _Toc22922853]2.1 Experimental site
[bookmark: _Toc415296831][bookmark: _Toc22922854][bookmark: _Hlk45117526][bookmark: _Hlk81038642][bookmark: OLE_LINK13]This study was carried out in 2016-2019 at North Campus Research Station of Northwest A&F University, which is located in Yangling country (Shaanxi, China; latitude 34.26°N, longitude 108.07°E and altitude 509 m). The climate of experimental region is semi-humid climate with a mean temperature of 12.9 C and annual average precipitation of 631 mm. Meteorological information was recorded using an automated station near the research station by District Meteorological Bureau in Yangling. The rainfall distribution and temperature during three rotation cycle (October to October of the following year) are presented in Fig. 1. The annual precipitation amounts in 2016-2017, 2017-2018, and 2018-2019 rotation cycle was 654mm, 760mm, and 717 mm, respectively. The average temperature was 14C for the three rotation cycle. The field experiment was conducted on level terrain with a loamy texture and bulk density which was belongs to calcareous EumOrthic Anthrosol. Several chemical parameters of the initial soil are summarized in Table 1. The Nit0-100 was calculated as 63 kg ha−1 and the Nit100-300 as about 110 kg ha−1.

2.2 Experiment design and management
Long-term fertilization experiment has been implemented since 2009 which was a split-plot design of treatments, with N treatments as the main plot and P treatments as the sub-plots with three replications. The five main plot treatments were 0, 75, 150, 225, and 300 kg N ha−1, i.e., N0, N75, N150, N225, and N300, respectively. The four sub-plots treatments were 0, 60, 120, and 180 kg P2O5 ha−1, i.e., P0, P60, P120, and P180, respectively (Table 2). Urea (N 46 %) and superphosphate (P2O5; 16 %) were applied on each plot. All of the fertilizers were applied as a basal at crop sowing. The winter wheat cultivars were Xinong506 in 2016–2017 and Xinong979 in 2017–2019 which were sown on 8 October 2016 ,7 October 2017 and 11 October 2018 with a row spacing 20 cm at a sowing amount of 150 kg ha−1. It was harvested on 11 June 2017, 10 June 2018 and 9 June 2019, respectively. The summer maize cultivar was Zhengdan958 in 2017-2019 which was sown on 16 June 2017, 15 June 2018 and 16 June 2019 with a plant spacing 20 cm, row spacing 60 cm at a maintained density of 67500 ha−1, and was harvested on 2 October 2017, 8 October 2018 and 7 October 2019, respectively. The experiment was controlled so as to no obvious prominent disease, pests and weeds in each plot. No irrigation was adopted during the crop growing season. 
[bookmark: _Toc415296832][bookmark: _Toc22922855]2.3 Soil sampling and analysis
The soil samples were collected in 20 cm increments in layers of 0–300cm by using 4 cm auger at five random points at the harvest of the crop. The fresh soil samples in commixture were divided into two sub-samples. The one sub-sample was immediately seal into aluminum box (inner diameter = 4 cm) and used to measure the soil gravimetric water contents by oven-drying at 105◦C for more than 24 h. Another sub-sample was sieved through a 2mm mesh to remove the plant residues and stones then extracting the soil NO3-N by 1 mol L–1 KCl and analyzed using a semimicro-kjeldahl determination. 
The soil water storage (SWS, mm) and NO3-N (kg N ha–1) in each soil layer were calculated with the following equations described in Dai et al. (2016):
SWS (mm) =
[bookmark: _Hlk80952627]NO3-N (kg N ha–1) =
Where  is the soil layer,  is the thickness (cm) of soil layer,  is soil bulk density (g cm−3),  is the soil water content (%) in the corresponding laye,  is soil NO3-N content (mg kg–1) in the corresponding layer.
2.4 Yield and N concentration 
[bookmark: _Hlk74125455]At physiological maturity, three 1 m2 winter wheat plants or twenty summer maize plants were threshed by hand randomly at each plot to weighed the grain yield which was then converted into kilogram per hectare. Using a standard Kjeldahl Autoanalyzer analyzed the crop N concentrations. The detailed crop yield and N uptake calculating methods were described as our previous study (Shi et al. 2021) 
The nitrogen harvest index (NHI, %) was calculated as:
NHI (%) = Grain N uptake / Aboveground N uptake
[bookmark: _Toc415296834][bookmark: _Toc22922856][bookmark: OLE_LINK33][bookmark: OLE_LINK34]2.5 Statistical analysis
The effect of the N rates, P rates, years and their interactions on the crop yield, aboveground N uptake and residual NO3-N were pooled for an analysis of variance (ANOVA) using the SPSS 20.0 (IBM Inc., Chicago, USA), in which nitrogen, phosphorus and year were all fixed factors. The sigificant comparation for combined treatments and average results were using the least significant difference test (LSD) at the significance levels of P < 0.05, 0.01 and 0.001, respectively. The figures were prepared by using the Origin 2018 software program.
[bookmark: _Toc22922857][bookmark: _Toc22922858]3 Result
3.1 Precipitation and soil water storage in profile
[bookmark: OLE_LINK11]In 2016–2017, 2017–2018, and 2018–2019, the precipitation amounts in the three experimental wheat seasons were 288, 325, and 189 mm, respectively, which were higher, higher, and lower, respectively, than the 63-year (1957–2019) average (253 mm). The water available for winter wheat growth comprised sparse natural rainfall and the soil water stored during the previous summer maize growing season, and thus clear water consumption characteristics were evident. The average soil water consumption amounts in the three growing seasons were 99, 122, 144, 110, and 128 mm at N rates of 0, 75, 150, 225, and 300 kg N ha–1, respectively, and the average water consumption amounts were 122, 123, 102, and 135 mm at P rates of 0, 60, 120, and 180 kg P2O5 ha–1. The main decreases occurred at soil depths of 0–100 cm under most treatments, and the greatest depth reached was 220 cm. The precipitation among the summer maize experimental seasons were 366 mm, 435 mm, and 528 mm in 2017, 2018, and 2019 respectively, (Fig. 1), which were lower, higher, and higher, respectively, than the 63-year average (379 mm). We observed that almost the rainfall replenished to the same soil depth under different treatments (Fig. 2). Respectively, the average soil water replenishment amounts in the 0–300 cm soil layer were 129, 146, 161, 135, and 156 mm under N0, N75, N150, N225, and N300, and 139, 139, 123, and 145 mm under P0, P60, P120, and P180. The long-term combined N and P treatments substantially depleted the soil water, and the reservoir capacity did not fully recover for a long time under treatments such as N150P60, N150P120, N150P180, N225P60, N225P120, and N225P180.

3.2 Yield and N harvest index
[bookmark: _Hlk80884489]The fertilization significantly increased Crop yield and NHI during the three-year period (Fig. 3, 4), where the winter wheat and summer maize exhibited similar trends. As the N or P fertilizer increased, the average yield and NHI increased firstly and then decreased.. For winter wheat, N75, N150, N225, and N300 increased the average NHI uptake by 26.7 %, 45.5 %, 36.0 % and 29.7 % compared with N0, respectively. However, N300 wasn’t significant increased NHI compared with N225. When the nitrogen application amount was 150 kg ha−1, N150P60, N150P120, and N150P180 further increase the NHI absorption by 19.0 %, 15.5 % and 8.6 % compared with N150P0, but there is no significant change between N150P60 and N150P120. Thus, appropriate N and P combined application significantly increased the crop yield, improved the crop NHI.
3.3 Nitrate-N accumulation
3.3.1 Residual Nitrate-N distributed in soil profile
The combined N and P fertilizer and the precipitation significantly affected the residual NO3-N in the profile (Fig. 5). No accumulated NO3-N was observed in the soil profiles under N0 and N75 during the six growing seasons. When the N application rate exceeded 150 kg N ha−1, the Nit0-300 increased significantly, but mainly in the 120–240 cm soil profile with a maximum accumulation peak of 2750 kg N ha−1. Under the same N rate, the residual NO3-N in soil profile was higher under P0 than the other treatments, but the combined applications with P fertilizer significantly reduced the NO3-N residue in soil profile. Additionally, NO3-N in the 0–100 cm soil layer changed more actively than in the 100–300 cm soil layer due to the effects of rainfall and crop uptake. The scarce rainfall in the winter wheat growing season meant that NO3-N accumulated in the surface 20 cm layer and it was consumed in the 20–100 cm layer. The opposite trend was observed in the abundant rained summer maize seasons, where the NO3-N decreased in the surface 20 cm layer but increased in 20–100 cm layer. 
3.3.2 Accumulated nitrate-N under combined N and P
[bookmark: _Hlk80093458]The Nit0-300 was also calculated. The average Nit0-300 under N75, N150, N225, and N300 were 8.6%, 460.4%, 1108.6%, and 1909.2% higher, respectively, compared with N0 in the six growing seasons. The combined application of P0–P180 fertilizer under N0, N75, N150, N225, and N300 levels reduced the Nit0-300 by 9.5–18.2 %, 15.8–16.1 %, 2.8–51.6 %, 29.8–52.1 %, and 16.5–46.4 %, respectively. Thus, the N fertilizer was major responsibility for the accumulation of NO3-N in the soil but its combination with a suitable P fertilizer rate reduced the Nit0-300 to different degrees significantly. The P fertilizer reducing effect on the accumulation of NO3-N varied among the different N fertilizer rates. Considering the variations in soil water consumption and the Nit0-300 (Fig. 2, 5), the accumulated NO3-N in the 100–300 cm layer (Nit100-300, kg N ha−1) and Nit0-100 was calculated (Fig. 6). The results showed that the Nit0-100 and Nit100-300 exhibited similar trends under different N and P treatments. Thus, the treatment that obtained a lower Nit0-100 also resulted in lower Nit100-300. 
3.3.3 Accumulated nitrate-N with growing season
The amount of soil NO3-N consumed ranged from 8.36–12.49 kg N ha−1 in one growing season under N0 and N75, and the amount increased with the growing seasons (Fig. 7). When the amount of N fertilizer increased to N150 and N225, the accumulated NO3-N did not tend to increase significantly under P60, P120, and P180, but it did under P0, and the Nit0-300 was higher under N225 than N150, and it fluctuated greatly among the growing seasons. The accumulated soil NO3-N under N300 increased to 61.3–231.64 kg ha−1 in one growing season with all P treatments, and thus the application of P combined with N300 could reduce the accumulation of nitrate.
[bookmark: _Toc22922863]3.4 Nitrate nitrogen residue threshold
[bookmark: _Hlk74057774]Due to the similar trends in Nit0-100 and Nit100-300 under different combined treatments (Fig. 6), the relationships between them were analyzed to determine a suitable NO3-N residue threshold (Fig. 8). According to Table 1, the Nit100–300 was about 110 kg ha−1. Nit100–300 did not increase after 20 seasons of crop production, so the accumulated NO3-N was divided into two parts: Nit100–300  110 kg ha–1 and Nit100–300 > 110 kg ha−1 (Fig. 8a). The data where Nit100–300 was greater than 110 kg ha–1 were removed to obtain Fig. 8(b). The results showed that Nit100–300 was significantly lower than 110 kg ha–1 when the Nit0–100 was lower than 101 kg ha−1, which was not conducive to soil fertility maintenance. When Nit0–100 was close to 101 kg ha−1, the value of Nit100–300 was close to 110 kg ha−1, and thus the state was basically balanced. The data where Nit100–300 was lower than 110 kg ha−1 were removed to obtain Fig. 8(c). Nit100–300 was greater than 110 kg ha−1 when Nit0–100 was  101 kg ha−1, but Nit100–300 increased slowly until Nit0–100 was higher than 158 kg ha−1. Nit100–300 increased sharply when Nit0–100 was > 158 kg ha−1 and the accumulated NO3-N increased slowly between 93–420 kg ha−1. Thus, a threshold for Nit0–100 was set at 100 kg ha–1 can up to the aim of maintaining the soil nitrogen supply capacity while controlling the NO3-N residue beyond root zone. 

[bookmark: _Hlk73778821]3.5 Determination of optimal fertilization strategy
[bookmark: OLE_LINK21]It is necessary to optimize fertilizer management and reduce nitrate losses via leaching while also satisfying the crop N uptake to maintain a high grain yield. Binary quadratic regression analysis was conducted based on the yield, crop NHI, and Nit0-100 and Nit100-300 under the different combined N and P application rates (Fig. 3,4,9). According to the maximum yield, the winter wheat was applied 185 kg ha−1 N fertilizer and 114 kg ha−1 P fertilizer to would obtain the maximum yield of 7235 kg ha−1. The summer maize was applied 198 kg ha−1 N fertilizer and 108 kg ha−1 P fertilizer would obtain the maximum yield of 7866 kg ha−1. The calculated Nit100-300 was 364–488 kg N ha−1 right now. However, according to determined safety Nit0-100 threshold (100 kg ha−1, Fig. 7), we calculated that applying 154 kg ha−1 N fertilizer and 106 kg ha−1 P fertilizer to winter wheat would obtain 97.0 % of the highest yield and reduce the Nit100-300 by 30.8 % compared with using the N and P fertilizer required to reach the maximum yield. For summer maize, the application of 162 kg ha−1 N fertilizer and 122 kg ha−1 P fertilizer would obtain 96.8% of the maximum yield, which is 0.41 % less than the NHI at the maximum yield, and the Nit100-300 will be reduced by 37.5 %. 
4 Discussion
[bookmark: _Toc22922864][bookmark: _Toc22922865]4.1 Restricted crop yield by soil water
[bookmark: OLE_LINK23][bookmark: _Hlk80171722]Our result showed that providing an appropriate combined N and P fertilizer is critical for maximizing the grain yield in crops, and it has a greater effect on plant performance than the absolute amounts of N or P supplied (Fig. 3,4). It means achieving the same yield level, the amounts of N or P fertilizer in a single application are greater than those in a combined application of N and P. Only reasonable combination of N and P fertilizer can give full play to the best interaction effect, obtain the highest yield and realize the efficient utilization of fertilizer. The rational application of N and P fertilizer can improve the yield and NHI by increasing the fertilizer use efficiency (Gusewell, 2004; Luo et al., 2016; Plaza-Bonilla et al., 2021; Shi et al., 2021). Therefore, the rational combined application of N and P fertilizer is very important in actual production. However, further increasing the amounts of N and P fertilizer did not significantly increase the crop yield and NHI or it even decreased (Fig. 3,4). This decrease is mainly related to the large amounts of residual soil NO3-N due to long-term fertilization (Fig. 5), which reduces the N fertilizer use efficiency and production (Cui et al., 2010; Zhao et al., 2014; Zhang et al., 2015). On the other hand, the amount of rainfall (500–650 mm) in the WMDS cannot meet the crop water requirements (>800 mm), which can limit the crop yield (Deng et al., 2006; Zheng et al., 2020). The crop yields from fields under dryland farming are strongly related to the soil moisture (Calvino et al., 2003; Guo et al., 2012; Dong et al., 2019). Combined N and P application could support root growth and promote their distribution in deep soils, thereby allowing crops to use deep soil water to enhance crop growth and increase the grain yield (Wen et al., 2016). This is also confirmed by the formed different soil environments with variable soil moisture contents in our results (Fig. 2). However, the excessive application of chemical fertilizers can cause abundant vegetative growth and a high transpiration rate, which will increase the depletion of soil water reservoirs and they are unable to recover for a long time, so the productivity continues to decrease (Dong et al., 2019; Zhang et al., 2020; Plaza-Bonilla et al., 2021).The long term insufficient soil water replenishment under N150P60, N150P120, N150P180, N225P60, N225P120, and N225P180 over many summer maize growing seasons also demonstrates that the water available for crop production was inadequate (Fig. 2). Clearly, the crop yield and N uptake are restricted to the water-carrying capacity of the soil in the rainfed WMDS.
4.2 Controlling the accumulation of nitrate-N in deep soil
[bookmark: OLE_LINK5][bookmark: _Hlk84960644]The long-term combined N and P treatments formed a differentiated soil environment with different amounts of accumulated NO3-N (Fig. 5), which was more representative compare to the experiments of quantitative application of P fertilizer combined with different N rates or the quantitative application of N fertilizer combined with different amounts of P fertilize (Guo et al., 2010; Zhao et al., 2014; Dai et al., 2016; Wen et al., 2016). Following the long-term combined N and P treatment, the soil NO3-N under N0 and N75 was consumed at a rate of 8.36–12.49 kg N ha−1 and sharply increased under N300 at a rate of 61.3–231.64 kg ha−1 each growing season after combined application with P fertilizer (Fig. 7). Thus, applying N fertilizer at less than 75 kg ha−1 in this system led to the gradual depletion of soil mineralized N to maintain the crop yield; applying N fertilizer at 300 kg ha−1. led to the accumulation of NO3-N in the deep soil. In fact, soil N pools can slowly reach a steady state through external N inputs equal roughly to N outputs which can significantly improve N supply capacity of farmland for sustainable utilization (Yin et al., 2021). Our result showed that the accumulation of soil NO3-N increased at 28.67–98.60 kg N ha−1 each season with no P as the control under N150 and N225, but its combined application with P fertilizer could reduce the accumulation of soil NO3-N to different degrees (Fig. 6). There were no significant linear correlations under N150P60, N150P120, N150P180, N225P60, N225P120, and N225P180 (Fig. 7), thereby indicating that these treatments reached a steady state N balance in the soil, with small residual nitrate amounts and a low leaching risk. Therefore, it was an effective approach to controlling the amount of residual NO3-N in dryland farming by forming a steady state through long term application of suitable combined N and P fertilizer.
[bookmark: _Hlk77329924]A reasonable residual amount of NO3-N in the root zone is necessary for ensuring continuous high yields in the WMDS (Li et al., 2009; Cui et al., 2013). However, the residual soil NO3-N profile is prone to leaching below the root zone if the residual NO3-N exceeds the safe NO3-N threshold (Ju and Christie, 2011; Cui et al., 2013; Huang et al., 2017a). The residual NO3-N is influenced by various unpredictable factors, such as the climate, soil texture, and rotation pattern, and it is not always possible to accurately determine a safe NO3-N threshold (Cui et al., 2013; Huang et al., 2017a). In this study, the Nit100-300 before the experiment was 110 kg ha−1, and the Nit0-100 slowly increased in the range of 101–158 kg ha–1, while the corresponding Nit100-300 increased slowly between 94–420 kg ha−1 after crop production for 20 seasons (Fig. 8b, 8c). The Nit0-100 was lower than 101 kg ha−1 and the Nit100-300 was generally significantly lower than 110 kg ha–1, and thus depletion of the soil nitrogen pool may have occurred. Therefore, setting a safe Nit0-100 threshold about 100 kg ha−1 can help to maintain the soil nitrogen supply capacity and prevent its leaching into deep soil. The value is more suitable as a threshold for the WMDS compared to the previous range (80–180 kg N ha−1) (Cui et al., 2010; Cui et al., 2013) but it was significantly higher than the threshold (45–55 kg N ha−1) for single-season crop production in dryland farming (Huang et al., 2017a).
4.3 Nitrate transport and environmental risk
[bookmark: _Hlk72160681]The transport of nitrate is mediated by water in the soil (Zhou et al., 2016; Hess et al., 2020; Li et al., 2020; Zheng et al., 2020). In this study, the NO3-N was actively varied mainly in the top 100 cm layer with obvious seasonal changes. It was accumulated at wheat harvest and decreased at maize harvest in the surface 20 cm layer, while the NO3-N in 20-100cm soil exhibited a decreasing trend at wheat harvest but an increasing trend at maize harvest (Fig. 5). The similar phenomenon has been reported in previously results, mainly owing to the abundant rainfall in the summer maize growing period and scarce rainfall in the winter wheat growing period (Shi et al., 2018; Li et al., 2020; Zheng et al., 2020; Shi et al., 2021). It was remarkable that after many years of crop production in the WDMS, the soil NO3-N accumulated in a stable manner in the 120–220 cm soil layer over the previous six planting seasons. It was not leached below the 300 cm soil layer by heavy rainfall during the summer maize seasons, which was not expected. We hypothesis that applying the suitable N and P fertilizer expanded crop root to the maximum extent and increased the surface area available for water absorption, thereby enhancing the consumption of soil water in the deep soil (Zhou et al., 2008; Li et al., 2009; Wen et al., 2016). The soil water is responsible for the migration of nitrate which was susceptible to leaching when the soil water content is saturated (Cameron et al., 2013; Dai et al., 2016). The rainfall was relatively high in the summer maize seasons but the soil moisture lacked sufficient replenishment for a long time because of the consumption of soil moisture to support maize and wheat growth, and thus led to the soil moisture remaining at a continuously low level (Fig. 2). Therefore, the accumulated NO3-N under high water consumption treatments in the 100–240 cm soil layer, such as N225 and N300, was not leached into the deeper layers by unsaturated soil water. In summary, the high-water consumption by the WMDS prevents the soil moisture from being replenished over time, so NO3-N can accumulate in a stable manner below the root zone. 
However, the potential problems that could be caused by such a high amount of accumulated NO3-N cannot be ignored. First, continuous wet years could allow NO3-N to be transported to a deeper level to potentially degrade the groundwater quality (Li et al., 2020; Zheng et al., 2020; Zhao et al., 2014). Second, an awful lot of residual NO3-N may severely acidify deep soil layer (Fig. 10), which would in their magnitude over time, which would diminish the long-term positive impact of N nutrient on crop productivity (Kimmel et al., 2020). Therefore, long-term high level fertilizer application is likely to have undesirable effects on the deep soil environment. 
4.4 Fertilization strategy management balances crop yield and soil N supply capacity 
[bookmark: OLE_LINK9][bookmark: _Hlk80174167]In the rainfed WMDS, optimizing the fertilization strategy is essential for obtaining higher yields, maintaining soil fertility, and reducing nitrate leaching (Ju and Christie, 2011; Zhang et al., 2015). In this study, we obtained the following important conclusions. First, the crop yield WMDS is limited by the water carrying capacity, and applying a suitable N and P fertilizer gives limited crop yield a clear advantage in actual production. Second, N fertilizer is most important for optimizing the fertilization strategy and combining with a suitable P fertilizer can further reduce NO3-N leaching. Fourth, long term application of suitable combined N and P fertilizer forming a steady state balance of soil N pool which could be an effective approach to controlling the amount of residual NO3-N in dryland farming. Fourth, controlling the Nit0-100 at about 100 kg after fertilization must effectively reduce the Nit100-300 while maintaining the soil nitrogen supply capacity.
According to the calculated maximum yield of crops (Fig. 9, Table 3), the maize corresponds to a N application amount of 198 kg ha−1 and a P application amount of 108 kg ha−1, and the wheat corresponds to a N application amount of 185 kg ha−1 and a P application amount of 114 kg ha−1, which are equivalent to the recommended N application amounts based on the crop yield and nitrogen uptake under similar production conditions (Dai et al., 2016; Hao et al., 2020; Li et al., 2020). However, under this fertilization level, we calculated that the Nit100-300 would be 364–488 kg ha−1. The Nit100-300 in the winter wheat production season did not significantly exceed this range (93–420 kg ha−1), but that in the summer maize season exceeded this range, thereby indicating that long-term production based on the guidance for the highest yield amount may lead to a large amount of NO3-N residue and leaching. 
When the Nit0-100 was controlled at 100 kg ha−1, we calculated fertilizer amounts was 154 kg ha−1 of N and 106 kg ha−1 of P fertilizer in the winter wheat season, while 162 kg ha−1 of N and 122 kg ha−1 of P fertilizer in the summer maize season. Under these application rates, the wheat and maize yields would be 97.0 % and 96.8 % of the highest yield, but compared with the Nit100-300 at the highest yield, the Nit100-300 were reduced by 30.8 % and 37.8 %, respectively. In general, the economic benefits of crops can be maximized when reached 95 % to 100 % of the highest grain yield according to the fitted curve of grain yield (Wang et al., 2020), and the cost of losing a small part of the yield (3 % reduction in yield) can prevent NO3-N losses by leaching from the 100–300 cm soil layer over a slowly increasing range (93–420 kg ha−1). Therefore, an appropriate fertilization rate can ensure that the nitrogen supply capacity is satisfied in the root zone, as well as preventing the NO3-N residue beyond root zone, while still ensuring a relatively high yield in rainfed WMDS.
[bookmark: _Toc22922868][bookmark: _Toc262138715]5 Conclusions 
[bookmark: OLE_LINK10]Long-term combined fertilization with N and P formed a differentiated soil environment with different amounts of accumulated NO3-N. NO3-N leaching increased with the amount of N fertilizer, but its combination with P fertilizer reduced the residual nitrate amount to different degrees under the different N application level. Nitrate actively changed in the root zone (top 100 cm) due to scarce precipitation in the winter wheat growing period and abundant precipitation in the summer maize growing period, however, the NO3-N exceed root zone was accumulated in the 120–240 cm deep soil layer due to the insufficient replenishment of soil water. The NO3-N residue threshold determined in the root zone was 100 kg ha−1 to ensure that the nitrogen supply capacity was adequate in the root zone and to prevent it leaching into the deep soil. Based on the NO3-N safety threshold, the application of 154 kg N combined with 106 kg P fertilizer in the winter wheat season, and 162 kg of N and 122 kg of P fertilizer in the summer maize growing season are recommended for maintaining the nitrogen supply capacity in the root zone to facilitate the safety sustainable production, and maintaining a relatively high grain yield in rainfed WMDS. 
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